Ultraviolet laser irradiation of films composed of graphene oxide (GO) and GO- 
Introduction
Graphene oxide (GO) has become a material of great value due to its fascinating physicochemical properties [1] [2] [3] and to its ability to be transformed into a graphenelike material, called reduced graphene oxide (rGO). This deoxygenating process can be obtained in large-scale and in an exceptionally cost-effective manner. Besides, composite materials based on graphene/rGO and metal oxide nanostructures have emerged as a subject of enormous scientific interest due to their high potential impact in diverse technological areas [4] [5] [6] . Particularly, graphene-and rGO-Fe 3 O 4 nanohybrids are very promising to be used as active materials in strong electromagnetic interference attenuation systems [7, 8] , chemical sensors [9, 10] as well as in energy storage devices such as lithium ion batteries and supercapacitors [11, 12] , among others. It is worth noting that most of these high performance devices are preferred to be lightweight and conformable in order to be used in diverse types of systems [12, 13] . Thus, the support of rGO-Fe 3 O 4 composites on polymer substrates is desirable. Recent works point to the 4 as inert, non-toxic, and heat stability properties [23] . The experiments are done in vacuum and under ammonia-rich atmosphere conditions, which enables the reduction and nitrogen doping of the generated GO structures. Comparative studies of the morphology, chemical composition and sheet resistance of the irradiated GO/PDMS and GO-Fe 3 O 4 /PDMS composite films are shown, indicating a rich chemical phenomenology which depends on laser parameters and the chemical environment.
Experimental
Two types of dispersions were prepared for the synthesis of GO and GO-Fe 3 O 4 nanocomposite films. The solutions respectively consisted of (i) 0.5 wt. % GO plates (sheets around 1 μ m 2 area, provided by Nanoinnova Technologies), and (ii) 0.05 wt. % PDMS membrane used as substrate in our experiments was prepared pouring a mixture of PDMS oligomer and cross-linking agent (hardener) 10 to 1 in weight inside a plastic petri dish. The PDMS and the cross-linking agent were purchased from Dow Corning (SYLGARD® 184 Silicone elastomer kit). In order to ensure a flat and smooth PDMS substrate the mixture was cured at room temperature in a level surface during 24 hours.
After that, the cured PDMS substrate was peeled off from the plastic petri dish and cut with a razor blade in small pieces of 10×10 mm 2 and about 1 mm in thickness. Next, in order to ensure a good film formation on top of the PDMS membrane, the PDMS pieces were plasma treated in air with a corona discharge during 2 minutes (Electro Technic This methodology ensured a regular, unbroken and uniform film formation with thickness in the micron range.
The obtained samples were exposed to a laser irradiation process at room temperature inside a reaction chamber, which was previously evacuated down to a residual pressure of 10 -4 Pa. Irradiation experiments were made using a Nd:YAG (λ = 266 nm, τ FWHM = 3
ns, ν = 10 Hz) laser system (Brilliant model from Quantel), applying 10, 100 and 1000 subsequent laser pulses with an incident laser fluence of 40 and 100 mJ cm -2 . A squared laser spot, 1×1 mm 2 in size, and highly homogeneous intensity distribution was used by means of a beam homogenizer and mask system. The irradiations were performed in vacuum (at residual pressure), or in ammonia (NH 3 )-rich environment at nearby atmospheric pressure. In this last case, the NH 3 -rich environment was obtained by flowing N 2 gas through an ammonia solution (30% v/v) and introducing the gas mixture in the reaction chamber. Non-irradiated reference drop-cast thin films (raw) were also prepared from initial dispersions for comparison to the laser treated ones.
Numerical simulations were carried out in order to obtain a general view of the laserinduced temperature evolution in simple GO and GO- show the presence of irregularities and small filament-like features around 1-3 μ m in length (Fig. 2b) . The subsequent accumulation of laser pulses leads to the increase of the structures' extent. Laser irradiation with 100 mJ cm -2 leads to the formation of a rough morphology composed of larger filament structures even with just 10 pulses. An increase of the laser pulses leads to the formation of greater features and trenches, and after 1000 pulses, mountain-like structures with a few microns in size can be appreciated (Fig. 2c) . show that laser irradiation would not reach its melting point at any experimental conditions (Fig. 1b) .
11 Laser-induced development of ripple-like structures in GO material has been already reported [20, 28] . UV radiation not only generates very rapid temperature variations in the material (Fig. 1b) but it can also prompt photochemical reactions which would induce chemical modification of the GO structure, as it will be revealed later. Then, the origin of the observed wrinkle to filament-like morphology evolution could be ascribed to the steady deformation of the GO sheets triggered by the creation of structural defects [29] [30] [31] and chemical functionalization [32] . Besides thermal fluctuations, the development of extremely high temperature gradients in reduced regions due to the presence of different intrinsic defect sites in GO sheet could significantly contribute to the formation of a stress-induced bending, the arrangement of the wrinkles and the formation of resonant features [33] [34] [35] . In a similar way, prominent corrugation of multiwall carbon nanotubes shells induced by UV laser radiation has been recently observed [36] . As the accumulation of pulses proceeds, the build-up and propagation of crystalline defects carries out. The sites with high enough density of crystalline defects and low dissociation energy chemical bonds, generated by previous laser pulses, would probably act as nucleation sites for local premelting processes at temperatures below that for "bulk" graphene [37] . Then, the accumulation of laser pulses would promote the concomitant melting to some extension of the graphene-based material as observed in samples processed with the maximum laser fluence and a high number of applied pulses (e.g. 1000 pulses). XPS compositional analyses were carried out to freshly prepared samples, as well as to those subsequently treated with 100 mJ cm -2 laser fluence and after accumulation of 1000 pulses (Figs. 4 and 5 ). C1s spectra of GO/PDMS films were deconvoluted in four peaks CI, CII, CIII and CIV, centred at 285, 286, 287.5 and 289 eV, respectively. CI is ascribed to sp 2 graphitic carbon atoms, CII is attributed to carbon atoms having single bonds to oxygen atoms, i.e. epoxide (C-O-C) and hydroxyl (C-OH), whereas CIII and CIV are ascribed to carbon atoms having a double bond to oxygen atoms, carbonyl (C=O) and carboxyl (COOH) functional groups, respectively [38] . Fig. 6 presents the relative percentage of integrated peak areas in all the studied samples. As observed, C1s signal of deposited GO on PDMS (GO Raw) exhibits a large content of oxygen 13 functional groups since about 65% of the integrated area corresponds to carbon-oxygen components, CII (35%), CIII (25%) and CIV (5%), and just 35% to C=C graphitic signal. Moreover, N1s high resolution spectrum presents an asymmetric shape. This signal, which is relatively weak, was deconvoluted in two peak contributions, NI (~399.7 eV) and NII (~402.0 eV) respectively attributed to amine and pyridinic N + -O -groups (Fig. S1 ) [38] , being the latter the most intense one (85% of integrated area).
Therefore, the nature of GO raw material is mainly characterized by the presence of carbon-oxygen single-bonded groups in addition to a slightly lower content of doublebonded carbon-oxygen and carbon-nitrogen functionalities.
14 7a shows a scheme of GO raw structure. Laser irradiation of GO/PDMS films in vacuum environment leads to the relative increase of CI peak, and the lowering of CII and CIII contributions. CIV peak practically remains unchanged. Thus, C=C graphene signal corresponds to around 57%, single-bonded carbon-oxygen and carbonyl groups signals respectively decrease to ~22% and ~16%, whereas the signal from carboxyl 15 groups marginally increases to 6%. Accordingly, not only a partial photoreduction of GO material is obtained, but also this mechanism is revealed to be much more effective in case of the hydroxyl-epoxide-carbonyl groups as compared to the carboxyl ones.
Reported studies on GO photoreduction mechanisms reveal a complex evolution of migration and transformation mechanisms of the chemical species [39] . The activation energies for the photo-induced migration of hydroxyl groups and for the initiation of chemical reactions of multiple functional groups are below 0.5 eV. Hydroxyl photolysis and migration of ether oxygen atoms require less than 1 eV energy, whereas the complete reduction and photolysis of the rest of oxygen-containing groups requires higher energies. As revealed by thermal simulations, laser radiation induces a rapid heating of the GO material which, besides photochemical mechanisms, would provide enough energy to prompt the photolysis of hydroxyl, epoxide and carbonyl assemblies.
Carboxyl moieties would mainly remain more stable during the irradiation process. The prolonged irradiation would lead to the elimination of larger amount of chemical groups as well as a probable photo-fragmentation of graphene backbone into molecular species [39] , what would account for the observed GO morphology evolution (Figs. 2 and 3) .
Additionally, the laser-induced structural defects created in rGO flakes, which are highly reactive, could significantly contribute to the conversion of chemical groups [40] . On the other hand, N1s spectrum measured in GO irradiated in vacuum reveals lower content of nitrogen with a higher decomposition yield of pyridinic N-O than amine groups since NII integrated area decreased to about 67%. As expected, irradiation of GO/PDMS films in NH 3 -rich ambient produces a different chemical pathway. As observed in C1s signal (GO / NH 3 in Figs. 4 and 6) , an enhanced reduction of GO is taking place, since CI peak reaches ~73% of the integrated area, whereas (CII, CIII) peaks area represents (~14%, ~9%) which are lower than those obtained in vacuum conditions. Moreover, CIV peak contribution decreases to about ~4% revealing that, in this case, a noteworthy photolysis of all the functional groups is carried out. This result clearly evidences that under ammonia environment conditions the yield of photolysis processes, and hence of reduction chemical processes is greater. Remarkably, nitrogen XPS spectrum is characterized by the significant augment of amine signal (64% of integrated area) and the appearance of NIII peak at ~398.6 eV, attributed to pyridinic nitrogen in graphene structure (Fig. S1 ) [41] , which contributes with 7% of the integrated area. A sketch of the described structure is shown in Fig. 7b . It should be noted that pyridinic N-C atomic configuration would also contribute to CII peak, decreasing the relative content of hydroxyl-epoxide groups to this signal. It is recently reported that low temperature annealed GO material in ammonia environment leads to the formation of amine groups which, after higher temperature processing and in combination to oxygenated chemical groups, are transformed to basal pyridinic nitrogen moieties [42] . Pyridinic nitrogen sites, more specifically their nearly carbon atoms, play an essential role in oxidation-reduction reaction (ORR) processes [43] which add high value to N-doped graphene as functional material. Furthermore, partially reduced GO containing nitrogen-species (as amino and amide groups) would exhibit simultaneous pand n-type semiconducting nature, being an effective photocatalytic medium for overall water decomposition into H 2 and O 2 with improved efficiency at visible wavelengths [14, 44] . Thus, UV laser irradiation of GO/PDMS films under NH 3 ambient conditions emerges as a versatile method for the development of such type of systems. (Fig. 8a) . The irradiation at 100 mJ cm -2 fluence enables its sudden decrease even with low number of accumulated pulses, reaching a resistance of about 5 kΩ sq -1 (vacuum) and 3 kΩ sq -1 (NH 3 ), ~5 orders of magnitude lower than that of raw GO/PDMS, after applying 1000 subsequent pulses.
Probably, the slightly lower resistance of the films obtained in NH 3 ambient are related to the higher reduction degree of rGO in addition to the presence of pyridinic N in its structure [42, 51] . On the other hand, raw GO-Fe 3 O 4 /PDMS films, due to the presence of interpenetrated insulating oxide NPs and higher oxidation degree than raw GO/PDMS, show a larger sheet resistance of around 600 MΩ sq -1 (Fig. 8b) . Similarly to GO/PDMS films, the laser irradiation of the GO- (Fig. 6) . These results suggest that other structural factors besides chemical composition would strongly affect the electrical conductivity of the obtained materials. In particular, the influence of structural defects and wrinkles on the electrical conductivity of graphene-based materials is revealed to be a key factor. It is widely accepted that structural defects and ripples in graphene material induce electron scattering mechanisms leading to the increase of electrical resistance [52] . Nevertheless, and in contrast to expectation, the obtained results clearly show that the resistivity of the laser irradiated GO/PDMS and GO-Fe 3 O 4 /PDMS composite films decrease with the accumulation of laser pulses even though the concentration of defects and rippling highly increases (Figs. 2, 3 and 8 ).
22
These results are unprecedented and clearly indicate that ultraviolet laser-induced structural and chemical modifications play a complex role in the final sheet resistance of the generated materials. It should be noted that similar behaviour was observed in a previous work by Jafri et al. [53] where the increase of vacancy defects in graphene, obtained by chemical treatment, led to the significant increase of its electrical conductivity. In this case, the effect was attributed to the defect-induced creation of metallic-like regions around the vacancy defects. Further investigations will be focused on the study of the causes of the observed resistance diminishing, as well as the optimization of the applied laser-based processing methods for the development of composite materials with electrical characteristics suitable for future applications. 
